














bioRxiv preprint doi: https://doi.org/10.64898/2026.06.01.729259; this version posted June 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC-ND 4.0 International license.

+Aph

Untreated VS
+HU

Pre-e .
_'m—> re-extraction —J Fixation and stainning > - =
Confocal “ L
microscopy

"
— Image

[} analysis
- -

Il Untreated [l Aphidicolin (Aph) [l Hydroxyurea (HU)

Replication foci _ Quantify Sum At replication sites (EdU segmented) _ Accumulation

. Image = . =
i i segmentation intensities —
PR y. 2] (EdU) of POI non-replication sites ratio

Figure S3. Fixed cell immunofluorescence analysis of the abundance of chromatin-bound replisome
factors at replication sites after 1 hour of aphidicolin or hydroxyurea treatment relative to an untreated
control. Cells were pre-extracted before fixation to remove the soluble protein pool from the nuclei. (A)
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Experimental and image analysis pipeline for obtaining the accumulation ratio at replication sites. The
sum signal intensity within replication foci (segmented based on EdU signal) was divided by the sum
signal intensity within the nucleus (segmented based on DAPI signal), in line with the live cell data shown
in Figure 1. All values were normalized by the average ratio of untreated samples. Dashed red lines show
the average ratio in the respective control sample. (B) Box plots depicting the chromatin-bound
abundance of the indicated replisome factors. 2-4 replicates were performed for each replisome factor,
including 45-90 cells in total. Each box plot represents 50% of the data, starting in the first quartile (25%)
and ending in the third (75%). The line inside represents the median. The whiskers represent the upper
and lower quartiles. Statistical significance was tested with a paired two-samples Wilcoxon test (n.s. is
given for p-values = 0.05; 1 star (*) for p-values < 0.05 and = 0.005; 2 stars (**) are given for values <
0.005 and = 0.0005; 3 stars (***) are given for values < 0.0005 and = 0.00005; 4 stars (****) are given for
values < 0.00005).
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Figure S4. Structural models of the predicted PolA-PRIM1/PCNA and PolD/9-1-1 complex interactions.
(A) 3D surface model of the PolA-PRIM1/PCNA/ssDNA complex generated by AlphaFold 3. (B) 3D
surface model of the PolD/9-1-1/ssDNA complex generated by AlphaFold 3. For (A) and (B), predicted
contact residues at the protein-protein interfaces and ipTMs are indicated.
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Figure S5. Live-cell imaging of GFP-tagged Rad9 dynamics during replication stress in HelLa cells. (A)
Representative live-cell time-lapse images of HelLa mCherry-PCNA cells transiently expressing
GFP-Rad9, captured before and during 1 hour treatment with 50 uM aphidicolin. Scale bar: 5 pym. (B)
Quantification of GFP-Rad9 standard deviation at each time point normalized by the average standard
deviation of untreated cells. Two replicates were performed encompassing a total of 15 cells. 7 ROIs were
randomly selected for each nuclei, and their change in brightness was quantified over time.
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Figure S6. Example images showing the DNA/RNA hybrid formation and interaction with the PolA/Prim1
complex under untreated and stress conditions. (A) Representative immunofluorescence staining against
DNA/RNA hybrids in pre-extracted cells. The negative control was performed by treatment with RNase H,
which specifically digests DNA/RNA hybrids. Pre-extraction removes soluble DNA/RNA hybrids derived
from transcription. (B) Representative images of proximity ligation assays shown in Figure 3B-C
(DNA/RNA hybrids colocalizing with PRIM1 or PolA), including incubation with only the anti-DNA/RNA
hybrid primary antibody as negative control. EdU was added before replication stress treatments and was
used to select S-phase cells. Scale bar: 5 ym.
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Figure S7. Colocalization analysis of pre- and post-stress replication foci. (A) Number of replication
nano-foci (nanoRFi) per nucleus before (BrdU, dark gray) and after (EdU, light gray) stress induction. Left:
EdU pulse immediately after stress removal; right: EAU pulse 1 hour after stress removal. (B) Adjusted
treatment and imaging pipeline with inverted pulse order (EdU before stress, BrdU after stress). (C)
Number of RFi per nucleus before (EdU, light gray) and after (BrdU, dark gray) stress induction using the
inverted pulse order. The second pulse occurred immediately (left) or 1 hour (right) after stress removal.
(D) Per-nucleus ratio of second-pulse nanoRFi per first-pulse nanoRFi using the inverted pulse order. (E)
Number of EdU and BrdU nanoRFi per nucleus with inverted pulse, immediately and 1 hour after stress
removal. (F) Percentage of three-dimensional overlap between replication foci before and after stress
induction, quantified using the DiAna plugin (Fiji). Co-pulse samples (BrdU and EdU administered
simultaneously) are included as a positive control for maximum overlap. Left: second pulse immediately
after stress removal; right: second pulse 1 hour after stress removal. (G) Center-to-center distances
between paired BrdU and EdU 3D foci classified as "touching" (sharing at least 1 voxel). (H) Fraction of
EdU foci not touching any BrdU foci. (I-J) Complementary analysis showing the percentage of EdU
nanoRFi falling within BrdU RFi. For all experiments, 3 independent replicates were performed, including
79-95 total cells per condition.
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Figure S8. Representative images and segmentation pipeline for BrdU/EdU nanoRFi quantification.
Superresolution images of nanoRFi labelled with BrdU before stress (red) and EdU after stress (green).
The analysis pipeline utilized to determine the degree of overlap between BrdU and EdU foci is shown in

a stepwise manner.
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Figure S9. Spatial randomness analysis of nanoRFi distribution before and after stress. Empirical
cumulative distribution functions (ECDFs, solid lines) of nearest-neighbor distances between segmented
nanoRFi within individual nuclei were compared to the theoretical CDF expected under complete spatial
randomness (CSR, dashed lines) in 3 dimensions. Untreated samples (black), aphidicolin-treated (red),
and hydroxyurea-treated (blue) cells are compared. (A) Foci distance distributions in samples where the
post-stress pulse was performed 1 hour after stress removal. Left: BrdU foci (pre-stress); right: EdU foci
(post-stress). (B) Maximum vertical distance (KS-D statistic) between empirical and theoretical CDFs. For
all experiments, 3 independent replicates were performed, including 79-95 cells per condition in total.
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Figure S10. Replication synchrony and proportion of newly fired origins under conditions of intra-S
checkpoint activation. (A) Distribution of the number of nanoRFi contained within individual RFi
(replication synchrony) before stress and immediately or 1 hour after the end of 12-hour aphidicolin or
hydroxyurea treatment. (B) Percentage of new and re-firing origins in the second pulse as determined by
overlap with first pulse nanoRFi, quantified after 3-hour and 12-hour stress treatments. Across both
treatment durations, 56-66% of post-stress replicons correspond to newly fired origins rather than re-firing
stalled forks. Two independent replicates were performed, totaling 74-86 cells per condition.
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Supplementary tables

Supplementary table 1: Cell line characteristics
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RFP-RPA / miRFP-PCNA

RFP-RPA (N-ter) / miRFP-PCNA
(N-ter)

Name Species Type Fluorophore/Tag Reference
HelLa Kyoto Homo sapiens Cervical - (Erfle et al.,
adenocarcinoma 2007)
HelLa Kyoto Homo sapiens Cervical - (Chagin et
mCherry-PCNA adenocarcinoma al., 2016)
ESCJ1 GFP PolA1 C5 [Mus musculus| Embryonic stem cells GFP PolA (N-ter) This study
ESCJ1 GFP PolD1 C10 |Mus musculus| Embryonic stem cells GFP PolD1 (N-ter) This study
ESCJ1 GFP PCNA C1 _[Mus musculus| Embryonic stem cells GFP PCNA (N-ter) This study
ESCJ1 RPA34 GFP C1 |Mus musculus| Embryonic stem cells GFP RPA34 (C-ter) This study
ESCJ1 GFP RFC2 C1 |Mus musculus| Embryonic stem cells GFP RFC2 (N-ter) This study
ESCJ1 GFP Ligase | C1 |[Mus musculus| Embryonic stem cells GFP Ligase | (N-ter) This study
ESCJ1 GFP DNMT1 C13 |[Mus musculus| Embryonic stem cells GFP DNMT1 (N-ter) This study
ESCJ1 MCM2 GFP C1 [Mus musculus| Embryonic stem cells GFP MCM2 (C-ter) This study
ESCJ1 CDC45 GFP C1 [Mus musculus| Embryonic stem cells GFP CDC45 (C-ter) This study
ESCJ1 GFP PRIM1 C5 |Mus musculus| Embryonic stem cells GFP PRIM1 (N-ter) This study
ESCJ1 RFP-RPA / Mus musculus| Embryonic stem cells RFP-RPA (N-ter) / miRFP-PCNA This study
miRFP-PCNA (N-ter)
ESCJ1 GFP PolA1 Mus musculus| Embryonic stem cells GFP PolA (N-ter) This study
RFP-RPA / miRFP-PCNA RFP-RPA (N-ter) / miRFP-PCNA
(N-ter)
ESCJ1 PolD1 GFP Mus musculus| Embryonic stem cells GFP PolD1 (N-ter) This study
RFP-RPA / miRFP-PCNA RFP-RPA (N-ter) / miRFP-PCNA
(N-ter)
ESCJ1 GFP PCNA Mus musculus| Embryonic stem cells GFP PCNA (N-ter) This study
RFP-RPA / miRFP-PCNA RFP-RPA (N-ter) / miRFP-PCNA
(N-ter)
ESCJ1 RPA34 GFP  |Mus musculus| Embryonic stem cells GFP RPA34 (C-ter) This study
RFP-RPA / miRFP-PCNA RFP-RPA (N-ter) / miRFP-PCNA
(N-ter)
ESCJ1 GFP RFC2 Mus musculus| Embryonic stem cells GFP RFC2 (N-ter) This study
RFP-RPA / miRFP-PCNA RFP-RPA (N-ter) / miRFP-PCNA
(N-ter)
ESCJ1 GFP Ligase |  |[Mus musculus| Embryonic stem cells GFP Ligase | (N-ter) This study
RFP-RPA / miRFP-PCNA RFP-RPA (N-ter) / miRFP-PCNA
(N-ter)
ESCJ1 GFP DNMT1  |Mus musculus| Embryonic stem cells GFP DNMT1 (N-ter) This study
RFP-RPA / miRFP-PCNA RFP-RPA (N-ter) / miRFP-PCNA
(N-ter)
ESCJ1 MCM2 GFP  |Mus musculus| Embryonic stem cells GFP MCM2 (C-ter) This study
RFP-RPA / miRFP-PCNA RFP-RPA (N-ter) / miRFP-PCNA
(N-ter)
ESCJ1 CDC45 GFP  [Mus musculus| Embryonic stem cells GFP CDC45 (C-ter) This study
RFP-RPA / miRFP-PCNA RFP-RPA (N-ter) / miRFP-PCNA
(N-ter)
ESCJ1 GFP PRIM1 Mus musculus| Embryonic stem cells GFP PRIM1 (N-ter) This study

Supplementary table 2: sgRNA sequences for CRISPR cell lines

Protein of interest SgRNA Sequence
Pol alpha P180 Forward CACCGccagcctgaaactggegeqg
Reverse AAACccgegecagtttcaggetggC
Pol Delta Forward CACCGccgcttacaatccatctgt
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Reverse AAACacagatggattgtaagcggc
PCNA Forward CACCGagctactctaagaggaacg
Reverse AAACcgttcctcttagagtagcetc
MCM2 Forward CACCGctggtctcagaactgctgt
Reverse AAACacagcagttctgagaccagc
RPA34 Forward ACCGtctacagatgcagagtgac
Reverse AAACgtcactctgcatctgtagac
Prim1 Forward CACCGgtagctccggcagcetccge
Reverse AAACgcggagctgccggagcetacC
CDC45 Forward CACCGcccgcccatgcttaccctc
Reverse AAACgagggtaagcatgggcgggC
RFC2 Forward CACCGacttccgtcaaageggcat
Reverse AAACatgccgctttgacggaagtC
DNMT1 Forward CACCGcaagcgcaggcactcggge
Reverse AAACqgcccgagtgcctgegettgC
Lig1 Forward CACCGtcatcaatgcccttatctg
Reverse AAACcagataagggcattgatgaC

Supplementary table 3: Plasmid characteristics

Name pc Fluorophore Gene species Promoter References
number
SB transposase | pc5129 - Salmo salar, Oncorhynchus mykiss| CMV (Matés et al., 2009)
(PCMV(CAT)T7-SB
100x)
SB transposon pc5128 |RFP / miRFP670 Homo sapiens Tight TRE This study
(PCNA/RPA)
gRNA backbone | pc3926 - - U6 (Ran et al., 2013)
HRT PCNA pc3981 EGFP Mus musculus - This study
HRT PolA pc3979 EGFP Mus musculus - This study
HRT PolD pc3978 EGFP Mus musculus - This study
HRT Prim1 pc5144 EGFP Mus musculus - This study
HRT Lig1 pc5023 EGFP Mus musculus - This study
HRT DNMT1 pc5070 EGFP Mus musculus - This study
HRT RPA pc3975 EGFP Mus musculus - This study
HRT MCM2 pc3976 EGFP Mus musculus - This study
HRT CDC45 pc5053 EGFP Mus musculus - This study
HRT RFC2 pc5026 EGFP Mus musculus - This study
GFP-Rad9 pc1283 EGFP Homo sapiens CMV (Zou et al., 2002)

Supplementary table 4: Nucleotide and inhibitor characteristics

Name Application Detection Cat# Company
Hydroxyurea Nucleotide synthesis blockin - H8627 Sigma-Aldrich, St
yaroxy y 9 Louis, MO, USA
e N, Sigma-Aldrich, St
Aphidicolin Polymerase inhibition - A0781-1MG Louis, MO, USA
5-ethynyl-2’- . Thermo Fisher
deoxyuridine inLi?:grzgh‘;fsr;?Zcxe”;?n'ﬁ  [ClickIT chemistry E10415 Scientific, Waltham,
(EdU) P P MA, USA
5-Bromo-2'-deox|  Labeling of nascent DNA Immunocyto- B5002 Sigma-Aldrich, St
yuridine (BrdU) | in pulse (chase) experiments chemistry Louis, MO, USA
Roscovitine CDK inhibition - 557360 Merck Sigma-Aldrich Chemie
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.. . S . Catalogue
Reactivity Host Clonality Dilution Application Iclone no Company
Dako,
anti-PCNA Mouse | Monoclonal 1:100 IF* M0879/PC 10 Hamburg,
Germany
anti-RPA70A .
serum Mouse | Monoclonal 1:2 IF 7G9E3 Hybridoma (Kenny et
al., 1990)
ant-RFC1 | Mouse | Monoclonal 1:50 IF sc-271658 Santa Cruz
Biotechnology
anti-MCM2 | Rabbit | Monoclonal |  1:200 IF EPR4120 | Abcam 8‘:‘<mb”dge’
anti-MCM2pS27 | Rabbit | Monoclonal 1:200 IF EPR4119 Epitomics, USA
anti-MCM2pS41 | Rabbit | Monoclonal 1:100 IF 3252-1 Epitomics, USA
anti-MCM2pS53 | Rabbit | Monoclonal 1:200 IF EP4120 Epitomics, USA
anti-MCM2pS108 | Rabbit | Monoclonal 1:1000 IF 3267-1 Epitomics, USA
anti-CDC45 Rabbit | Monoclonal 1:50 IF 556-1 Epitomics, USA
PRIM1 Rabbit | Polyclonal 1:100 IF/PLA 10773-1-AP Proteintech,
Germany
anti-PolA Mouse | Monoclonal | Undiluted IF SJk2s7-3g | Hybridoma (Tanaka
et al., 1982)
. BD Biosciences,
anti-PolD Mouse | Monoclonal 1:500 IF, WB 610972
Germany
anti-PolE Rabbit | Polyclonal 1:500 IF, WB GTX132100 Gene Tex,
Germany
anti-Rad1 Rabbit | Polyclonal 1:50 IF/PLA 11726-2-AP Proteintech,
Germany
. . 2E8(AA171-2 | Ludwig-Maximilians-
anti-DNMT1 Rat Monoclonal 1:10 IF 56) Universitat Miinchen
S . Sigma-Aldrich, St
anti-Ligasel Mouse | Monoclonal 1:100 IF 084K1062 Louis, MO, USA
Rockland
anti-BrdU Rabbit Polyclonal 1:500 IF 600-401-C29 Immunochemicals,
USA
anti-mouse Donke ) IF The Jackson
IgG Cy3 y Polyclonal 1:800 (secondary) 715-165-151 Laboratory, USA
anti-rabbit Donke IF The Jackson
IgG Cy3 y Polyclonal 1:800 (secondary) 711-165-152 Laboratory, USA
anti-rabbit IF The Jackson
IgG (H+L) AF594 Goat Polyclonal 1:500 (secondary) 111-585-144 Laboratory, USA
anti-rat IgG Donke ) IF The Jackson
AF594 y Polyclonal 1:500 (secondary) 712-585-153 Laboratory, USA
anti-rat IgG Donke . IF .
AF488 v Polyclonal 1:800 (secondary) A11006 Invitrogen, USA
anti-mouse IF .
IgG AF488 Goat Polyclonal 1:800 (secondary) 2120125 Invitrogen, USA
anti-rabbit Donke . IF .
IgG AF488 y Polyclonal 1:800 (secondary) A11034 Invitrogen, USA

* requires methanol treatment
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Supplementary table 6: Imaging systems characteristics

Microscope/ Filters (ex. & em. . .
P Lasers/lamps ( " Objectives/lenses used Detection system
Company [nm])
sUIitr:i;Xle;\ils\lio; Diode lasers 7405: 415-475 oil immersion cooled 14-bit
pinning cisk (405 nm, *488: 505-549
an inverted Nikon . 60x Plan- Hamamatsu®
) . 488 nm, 561: 580-650
Ti-E microscope, . Apochromat C9100-50
PerkinElmer Life 561 nm, 640: 664-754 (NA 1.45) EMCCD
. 640 nm) 405/488/568/640** ’
Sciences, UK
VXEE\':':': HBO100 488: 473-491 & 506-534 ol ég’xm;::_’” 12-bit
200 Zeiss mercury 561: 550-580 & 590-650 Apochromat AxioCam
Germany amp 640: 590-650 & 663-738 (1.4 NA) mRM
Leica SP5 II 405 nm diode 488 nm HCX PL APO 63x / 1.4-0.6
Wetzlar Germz;n Argon, 561 nm DPSS, AOBS beam splitter oil lambda blue & HCX PL 2 HyD Hybrid Detectors
’ Y[ 633 nm HeNe gas APO 100x / 1.44 oil Corr CS
LEDs modules: 385
nm, 470nm, 540-580 . . EC Plan-Neofluar 2.5x Axiocam 820 mono SONY
Zeiss LSM 900 nm, 625 nm ex: 390/40 em: 450/40 Plan-Apochromat 20x IMX541 CMOS back
. . ex: 470/40 em: 525/50 . . . .
Airyscan, Zeiss, ex: 550/25 em: 605/70 & Plan-Apochromat 40x illuminated pixel size 2.74 ym x|
Germany Laser Power: e;<' 640/30 en'T 690/50 C Plan-Apochromat 63x 2.74 um 4512 x 4512 pixel
405 nm- 5 mW 488 ) : alpha Plan-Apochromat 100X
nm- 10 mW 561 nm- 10|
mW 640 nm- 5 mW

*ex.: excitation & em.: emission, ** dichroic specification, *** WD: working distance

Supplementary table 7: Software

Name Version Website Company/University Application
Volocity 6.3 https://www.volocity4d.com/ Quorum Technologies ) Quantltatlvg analysis of
Inc., Canada time-lapse microscopy data
https://imagej.net/softwar Wayne Rasband, Image processing and
Fij 1.54p effiji/ National colocalization analysis
Institutes of Health, USA
RStudio 2026.01.0+392 https://rstudio.com/ Posit PBC, USA Statistical 3?;; r‘:‘ga'ys's and
Creation of schematics and
Adobe lllustrator 2025 https://www.adobe.com/ Adobe, USA figure
arrangement
https://www.zeiss.com/microscop Super-resolution processing of
Zeiss Zen 3.9 y/en/products/software/zeiss-zen Zeiss, Germany t.p | on p d %
“html ime-lapse microscopy data
AlphaFold 3 https://alphafoldserver.com/welc DeepMind, UK Predlctlop of pro.teln complex
ome interactions
Resource for
ChimeraX 192 https://www.rbvi.ucsf.edu/chimer Biocomputing, Visualization and analysis of
’ ax/ Visualization, and AlphaFold-generated structures
Informatics (RBVI), USA
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